The effect of incorporating (C2-C8) ethylene-octene elastomer on the mechanical properties and morphology of polypropylene copolymers has been investigated employing two types of PP copolymer, with and without nucleating agent. The results were compared to the ones presented by a commercial PP heterophase (reactor impact modified PP/EPR). The addition of the elastomer increases the toughness of the blends but reduces their stiffness. PP blends in the low elastomer content region (< 20%) show low values of the Izod impact strength and both, elastomer content and impact strength, are directly proportional to the area under the β damping peak or its maximum intensity of the elastomer. The morphology is a continuous pattern of segregate elastomeric particles with average particle size in the range of 0.27 µm to 0.39 µm. The average particle size and particle size distribution plotted in log-normal distribution curves, increases slightly with the increase in the elastomer content. The reactor modified PP heterophase has a broader particle size distribution and an average particle size of 0.56 µm, at the lower limit but inside the range for good impact performance, as observed.
Introduction
The improvement of toughness in plastics [1] [2] [3] and in particular of isotactic polypropylene is a subject of great importance due to its inherent low impact strength, especially in applications that involve sub ambient temperatures [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Polypropylene can be toughened through incorporating low contents of ethylene during its copolymerization, resulting in random or block copolymers 4, 5 or by the in situ method, inside the reactor, where are formed dispersed elastomeric domains of ethylene-propylene elastomer (EPR) in a polypropylene matrix, called heterophase polypropylene. The most used industrial process is the incorporation of an elastomeric component 1 , which alters the stress distribution in the matrix and contributes in the control of cracks' propagation and termination. This is done by mechanical blending in the melt state with various types of elastomers, such as olefinic rubbers based on ethylene and propylene 1, 4 . The use of this type of elastomers is very convenient due to the similarity in the chemical composition, which can help the interfacial interaction and also its competitive price 5 . Even having low interfacial adhesion 6 these imiscible blends are widely used because they produce enough toughening to meet the automobile industry requirements 5 . The presence of rubber particles dispersed in a polypropylene matrix normally does not affect its crystallinity, but they can act as nucleating agent of the matrix, reducing the size of the spherulites [6] [7] [8] . This is particularly true in the case of PP/EPR blends (including EPDM), a semicrystalline polymer modified with rubber, in which the crystalline morphology is also expected to interfere in the toughening mechanisms, in order to justify the great increase in the impact strength shown by these blends. The use of olefin elastomers as impact modifiers of polypropylene in which the comonomer is changed from -propylene (C 2 -C 3 ) to -butene (C 2 -C 4 ) to -octene (C 2 -C 8 ) has shown to substantially increase impact and weldline strength, with advantage to the last 9, 10 . Also one should consider that the presence of fewer tertiary hydrogen in these elastomers improve their thermal stability in comparison to EPR's 11 . For PP, a semicrystalline matrix, the most effective particle size range for obtaining the best rubber toughening behaviour observed by various authors [5] [6] [7] [12] [13] [14] [15] is sub-micron in the range of 0.5 to 1.0 µm. The particle size of the elastomer significantly affects the deformation and failure processes being small particle favouring shear yielding while coarser dispersion promotes crazing 7 . The best average particle size is still a matter of debate, in which very few authors have tried to set it, some saying to be at 0.3-0.35 µm 13 or 0.4 µm 7 . Unexpectedly both cases are outside the total range mentioned earlier.
In this work we study the toughening behaviour of two random polypropylene copolymers, been one nucleated, blended with various quantities of an amorphous ethyleneoctene elastomer, and compared them with an in situ polymerized EPR heterophase polypropylene via mechanical, dynamic-mechanical and morphological measurements.
Experimental

Sample preparation
The polymers used in this work are presented in Table  1 . The pure materials and the blends were extra stabilised with 0,2% of Irganox ® B-215 (Ciba Geigy). Resin, elastomer pellets and the antioxidant were manually mixed until a visually good dispersion and then all formulations were processed in a interpenetrating co-rotating twin screw extruder, Werner Pfleiderer ZSK 30, with screw rotation of 100 rpm, output of 5 kg/h, temperature profile of 170, 210, 220, 230, 230 and 220 °C and a medium/high shearing screw profile. Samples for the mechanical test were moulded in an Aurburg 270V injectionmoulding machine, with the mould kept at 50 °C.
Mechanical analysis
The tensile test was done at room temperature following the ASTM D-638 on injected samples of Type I at 50 mm/min. The flexural test followed the ASTM D-790 procedure B method I (three point bending) at 100 mm/min, measuring the secant modulus at 1% deformation. The Izod impact test was realised at -20 °C and at room temperatures in notched specimens, following the standard ASTM D-256.
Thermal analysis
The dynamic-mechanical thermal analysis were, using a calibrated 16 PL -MARK I equipment, were done at a frequency of 1 Hz, heating rate of 2 °C/minute in injection moulded bars. The area under the damping peak of the elastomer, at its glass transition temperature was calculated using suitable software.
Morphological analysis
Samples for transmission electron microscopy analysis were cryo-sectioned in an RMC ultramicrotome operated at -50 °C, with a diamond knife Diatome 45 degrees, floated in a 3:2 DMSO/H 2 O solution and collected in copper grids. Initially the samples were stained using the two step method suggested by Kakugo and co-workers 17 . We also apply a physical staining method with aid of the Omega filter in the LEO912 EFTEM, an energy filtering device where inelastic scattering is removed from the global brightfield image (EBF mode), improving contrast in multiphase polymer systems 18 . After checking qualitatively and quantitatively stained and unstained samples and observing that we were getting the same data we decide for the simpler route and so all micrographs here are from unstained samples. Image analysis was done using the SigmaScanPro 3.0 software and the histograms of the distribution of particle diameters obtained from an average of 700 particles measured in each sample. The particle size results are regarded as apparent measurements as no stereological corrections have been done to account for specimen thickness. A simplified statistical analysis were done using the Statistica for Windows 4.3 software fitting a log-normal distribution curve to the histograms and from that calculating the average particle size values.
Results and Discussions
Izod impact strength
The increase in impact strength, measured at room temperature and at -20 °C, with the addition of elastomer 38 Correa & Canevarolo Materials Research in the copolymers can be observed at Fig. 1 . The pure copolymers show impact strength superior to the homopolymer, due the presence of ethylene, which reduces the copolymer crystallinity and improves its toughness. The presence of the elastomer in the blends reasonably increases their impact strength at room temperature but for elastomer content above 20% there is a stronger toughening effect, in good agreement with data from Huneault et al. 10 . The heterophase polypropylene datum is in between the data for the blends with 15 and 20% of elastomer content. These observations are in good agreement with the characteristics of this compound, which has 16% of EPR phase 19 , dispersed in a polypropylene homopolymer matrix. The presence of the nucleating agent in one of the copolymers, PPcn, reduces the average spherulite size 20 , which tend to increases its impact strength in comparison with the unnucleated PPc 6 . Upon reducing the temperature the impact strength of the blends drops and the addition of up to 25% of elastomer has very little effect on the data. On the other hand the heterophase polypropylene datum remained nearly constant within the temperature range of testing. The lower brittle-ductile transition temperature for PP heterophase is related to differences in their morphology (elastomer particle size and its distribution) which will be discussed later.
Tensile and flexural properties
The improvement in toughness (impact strength) when an elastomer is added to a polymeric matrix normally implies in a reduction of its stiffness, which is usually related to a decrease in Young's and flexural moduli, yield stress and an increase in the yield strain. A balance between toughness and stiffness is always required for optimum performance of the rubber-toughened polymer. Figure 2 shows a series of mechanical properties of the toughened blends. The addition of the C 2 -C 8 elastomer in the PP copolymers, measured at room temperature, reduces their stiffness, with reduction in Young's and flexural moduli, yield stress and an increase in the yield strain. PP copolymers tend to have lower stiffness and higher yield strain than homopolymers as the presence of the ethylene reduces the crystallinity and stress level to produce shear yielding 6 . Also the presence of the elastomer in the blends linearly reduces their stiffness because there is an associated reduction in the effective cross-section area of the sample 12 . To get at room temperature impact strength above 100 J/m, by adding up to 20% elastomer, there is a drop from approx. 1.6 GPa (in the pure copolymer) to 1.0 GPa in the blend's moduli. The heterophase polypropylene datum is in between the data for the blends with 15 and 20% of elastomer content. The presence of the nucleating agent produce a finer spherulitic structure in the nucleated PPcn sample which tend to give higher stiffness values in relation to a non-nucleated sample PPc.
Dynamic-mechanical thermal analysis (DMTA)
In order to evaluate the influence of the elastomeric phase on the damping behaviour of the toughened blends, the tanδ curves were obtained as a function of temperature. Recently [21] [22] the relaxation at approximate -45 °C of the elastomers was referred as a β transition, which is normally related to the relaxation of side chains. Table 2 shows the Tg of all materials used. The maximum intensity of the loss modulus and the damping peak in a specific transition is directly proportional to the volume fraction of the transition phase 23 . On increasing the content of the elastomer, there is a linear increase in the maximum intensity of the peak. Also being a whole temperature relaxation spectrum the total loss area should contain the contribution of all structural groups present in the mer 24 . So it is expected that the area under the loss modulus peak and the damping peak would also be proportional to the volume fraction of the phase that is going through a relaxation at that temperature. At the β peak we should expect the same thing i.e. its area and maximum intensity being proportional to the volumetric fraction of the side chains which in fact means proportionality to the volumetric fraction of the copolymer in the blend. The pure homopolymer PP show a very small peak at this temperature which could be interpreted as contamination with other olefin monomers during industrial production. Figure 3 shows the maximum intensity and the area under the damping peak at the β elastomer peak temperature plotted against elastomer content. The area was measured delimiting it between the adjoining minima, generally between -60 °C and -25 °C.
As expected the two variables increase linearly with increasing the elastomer content, being both capable of correlate the mechanical damping of the elastomer in the blends and its content. This conclusion could be generalized and used to identify (qualitative analysis) and quantify (quantitative analysis) the presence and content of a second phase in imiscible blends. The quantitative analysis of course will depend upon having the capability of producing a calibration curve. The intensity of the tan δ peak of the copolymer in blends with unnucleated PP matrix is higher than in nucleated PP, indicating a higher amorphous volumetric fraction (lower crystallinity) and also a superior capacity of damping of this matrix at room temperature.
The matrix of the heterophase polypropylene shows its Tg quite near the Tg of the polypropylene homopolymer, but the intensity of its damping peak is between the homopolymer and the pure copolymer. Also the intensity of the β damping peak of its elastomeric phase is intermediary to the blends with 15 and 20% of elastomer content. These observations are in good agreement with the characteristics of this compound, containing around 16% of EPR dispersed phase.
In order to directly relate the β damping peak of the elastomeric phase and the impact strength of the toughened blend Fig. 4 was plotted. There both, area under the β damping peak and its maximum intensity are compared with the impact strength of the blends measured at room temperature.
Both plots are very similar in shape and each point represents a composition with different elastomer content. Blends showing low values of the area under the damping peak or similarly its maximum intensity (i.e. with low elastomer contents), have low values of impact strength, increasing rapidly with the increase of the elastomer content. Wada and Kasahara 25 correlated the notched impact strength of various plastics to the area under tanδ-temperature curves. According to Karger-Kocsis and Kuleznev 26 a linear relationship can be expected between notched impact strength and tanδ curves. In fact the relation is not linear because it is the sum of at least two separated events: first, the increase in the amount of elastomer and so the impact absorption levels (which was accounted for by Karger-Kocsis 26 ) and second, more important of them all, triggering the toughening mechanisms. The later is more sensitive to changes in morphology and interparticle distance 27 , the former is strongly related to the elastomer content. Because the DMTA measurements are directly related exclusively with the first event, on increasing the elastomer content, it soon becomes incapable to predict the behaviour of toughened polymers under impact conditions. Further, in the results of Fig. 4 again we can notice that either the data of the intensity or area of the β damping peak of the PP heterophase is intermediary to the blends with 15 and 20% of elastomer content. The results of the pure homopolymer and copolymers indicate that having low levels of damping they cannot present significant impact strength. Quite similar results can be seen from impact strength values measured at -20 °C, as shown in Fig. 5 . The impact strength of all pure polymers and their blends drops significantly but PP heterophase still maintain a high impact strength, needing a morphological characterization to explain this behaviour.
Transmission Electron Microscopy (TEM)
The morphology of the pure PP copolymers, their blends and the PP heterophase was analysed qualitatively as micrographs and quantitatively as particle size distribution curves. Figure 6 shows some of the micrographs and their respective particle size distribution curves in a form of histograms. Having plotted the particle size axe in a linear scale the data were fitted with the best normal distribution curves. Table 3 resumes the main statistical data in all cases. In one end of the scale we have the pure PP copolymer (used as matrix in the blends) showing a small amount of a second phase, segregated during the copolymerization, formed by ethylene-propylene copolymer chains (the number of particles measured is small when compared with the blends). This second phase has also a small average particle size (0.23 µm) and narrow particle size distribution (σ = 0.15 µm). These values are well bellowing the critical range (0.5 µm to 1 µm) and being in small quantity are not effective in toughening the PP copolymer, which normally shows low value of impact strength. Its blends with the olefinic elastomer C 2 -C 8 causes a major change in their morphology and mechanical properties. The amount of the segregated second phase increases in correspondence with the increase of the elastomer content, increasing both the average particle size and particle size distribution. The blend with 25% of elastomer shows an average particle size of 0.39 µm and particle size distribution of σ= 0.22 µm. Even after increasing the average particle size they are still bellow the critical range. In the other end of the scale the PP heterophase shows an average particle size of 0.56 µm, inside the required range and reasonably wide particle size distribution.
As suggested by Bordereau and co-workers 28 the dispersed phase size distribution is expected to follow a lognormal distribution curve when the particle size axe is plotted in a log scale. Figure 7a shows the best fitting lognormal curves of the particle size distribution for all samples including the pure PP copolymers, their blends and the PP heterophase. The increase in the average particle size and broadening the particle size distribution as blends content increases is evident. Because the best range of particle sizes for toughening PP is between 0.5 µm to 1.0 µm visually one can judge that the PPhet would be the best choice among them for an application where toughening is needed. The morphology of the blends can still be adjusted, changing the processing conditions (mainly screw configuration) shifting the particle size distribution curve to the required range. Figure 7b shows the same set of data presented as a statistical cumulative fraction of the particles. Vol. 3, No. 2, 1999 Characterization of Polypropylene 43 PPcn/C2-C8 ( One of the reasons for the small particle size obtained in all blends is the use of a too high shearing screw configuration during blending in the twin-screw extruder. The screw configuration was assembled with three distinctive zones of intense shearing given by three sets of kneading blocks which are known to be very effective in dispersing a second phase by reducing its average particle size 28 . We are at the moment working to correlate screw configurations and particle size distribution.
Conclusions
In the imiscible system consisted on PP/C 2 -C 8 elastomer blends, the rubber phase separates from the matrix forming a continuous pattern of segregate particles. The addition of the elastomer increases the toughness of the blends but reduces their stiffness. PP blends in the low elastomer content region (< 20%) show low values of the Izod impact strength and both, elastomer content and impact strength, are directly proportional to the area under the β damping elastomer peak or its maximum intensity. Both variables, average particle size and particle size distribution, plotted in lognormal distribution curves, increase with the increase in the elastomer content in all blends. Also these values are just bellow the required range probably due to the use of a high shearing screw configuration during mixing. The PP heterophase has broad particle size distribution and average particle size in the expected range for an application where toughening is needed.
